The effects of changing the host-lattice isotopes from natural silicon ͑approximately
I. INTRODUCTION
Currently there is considerable interest in studying the effects on optical transitions in silicon of changing the isotopes of the host lattice. Studies have been made on Raman scattering from isotope superlattices, 1 on the indirect energy gap, 2 and on the electronic states of the shallow donors and acceptors. [3] [4] [5] [6] Many of the deep centers created by radiation damage and ion implantation which produce photoluminescence in the near infrared spectral range ͑Ͼ6000 cm −1 ͒ have also been investigated. 7, 8 To date, the only measurements made on local vibrational modes have been on interstitial oxygen 9 and bond-centered hydrogen. 10 In Sec. III of this paper we present experimental data and quantitative analyses of the isotope dependence of some of the most common local vibrational modes observed in asgrown and electron-irradiated Czochralski silicon. We report that the vibrational modes of substitutional carbon, interstitial oxygen, carbon-oxygen complexes, and the vacancyoxygen A center shift to lower energy in 30 Si compared to natural silicon, by amounts varying from 3.5 to 27 cm −1 . We show that the measured shifts are in very close agreement with predictions from current density functional theory. In Sec. IV we observe that the 2767 cm −1 transition of the negative divacancy also shifts to lower energy with increasing silicon mass. This behavior is the opposite of the shifts for all known zero-phonon lines in silicon, and, together with the very large width of the line, would be consistent with the involvement of a phonon in the transition. We verify that an empirical method of predicting the zero-phonon shifts works for a known very-low energy vibronic band, and we use that method to confirm that the 2767 cm −1 line is indeed a zerophonon line.
We begin by describing the experimental arrangements ͑Sec. II͒.
II. TECHNICAL DETAILS
The isotopically enriched Czochralski 30 Si sample used here 11 had a mean mass number of M ͑ 16 cm −3 , were of negligible concentrations since the sample was irradiated, at nominal room temperature, with 1.5 MeV electrons to a dose of 5 ϫ 10 17 cm −2 . Comparisons have been made with electron-irradiated Czochralski samples of normal isotope content and of similar 16 O and 12 C or 13 C content. The absorption measurements were made with the samples at 8 K on the cold-finger of a closed cycle cryostat, using a Nicolet Fourier transform spectrometer fitted with a KBr beamsplitter and an MCT detector cooled to 77 K. The resolution, as given by the full width at half height of residual atmospheric absorption was 0.5 cm −1 .
We refer to samples with the normal isotope content as "natural silicon." Throughout, values of wavenumbers quoted without qualification are for natural silicon, 16 O, and 12 C in the limit of low temperature.
Local vibrational modes of the centers considered here have been investigated by first principles calculations, usually for natural silicon, and the calculations have been repeated for 30 Si. Dynamical matrix elements were evaluated using linear response theory, 13 or by explicitly displacing the impurities and its Si neighbors along all Cartesian coordinates. 14 Further details of the methods are given below where they are used, together with the laboratory implementing them.
III. VIBRATIONAL TRANSITIONS
Silicon produces appreciable optical absorption in the region 500 to 1450 cm −1 by creating two and three phonons. This intrinsic absorption has been removed from the spectra by subtracting the absorption spectrum of a natural floatzone reference sample of high purity. For the 30 Si spectra, the frequency scale of the reference spectrum must be reduced to allow for the mass change. We assume that the vibrations are harmonic. Then, changing the mass simply changes the vibrational frequency in the inverse ratio of the square root of the effective masses. A small mismatch in the frequency scales shows itself by producing highly visible "derivative type" features in the difference spectrum, and removing them is very sensitive to the assumed mass. To fit the natural spectrum to the 30 Si spectrum requires the 30 Si sample to have a mean mass of 29.96± 0.01 ͑in the harmonic approximation͒, in very close agreement with the SIMS analysis, Sec. II. Difference spectra in the region of the strongest intrinsic two-phonon absorption in silicon are shown in Fig. 1 . Isotope shifts of the local vibration modes of substitutional carbon are clearly observable.
For vibrations involving impurities, the change in the effective mass is determined by the specific mode being considered. In addition, isotope effects occur through the anharmonic part of the potential by two processes. First, the anharmonicity of all the modes of vibration of the crystal result in a change in lattice parameter with isotope mass. The change between natural silicon and 30 Si has been measured at low temperature 15, 16 as ⌬V / V = −1.68͑2͒ ϫ 10 −4 . The change in frequency with volume V is represented by the Grüneisen parameter ␥ =−d͑ln ͒ / d͑ln V͒. Typically ͉␥͉Ϸ1 for lattice modes in silicon, 17 and in the limit of low volume change ␥ = 0.2 for the local vibrational mode at 1136 cm −1 of interstitial oxygen. 18 For a value of ͉␥͉ = 1, the volume change would produce a change of only ±0.2 cm −1 for a mode of quantum 1000 cm −1 . This change is little more than the uncertainty in measuring the peak positions, and is more than an order of magnitude smaller than the shifts reported below.
A second effect of anharmonicity comes from the local vibrational mode itself. This effect can be illustrated by introducing a cubic potential term bQ 3 to the harmonic potential 1 2 m 2 Q 2 for an effective mass m vibrating at angular frequency in a coordinate Q. For example, the cubic term b can be adjusted so the transition energy between the zeroth and first vibrational states is 10% lower than the transition energy in the unperturbed harmonic oscillator. Then, a change in the effective mass from 28 to 30 units produces a change in transition energy that would be the same, within our experimental uncertainties, to the change predicted if the mode was assumed to be harmonic.
These estimates show that the contributions of the anharmonic terms in the potential to the host isotope effects are very small. The shifts expected on changing the isotope will derive primarily from the simple result that for a harmonic potential, the vibrational frequency is inversely proportional to the square root of the effective mass. This result is important, since it allows us to make a direct comparison between experiment and the ab initio calculations, which employ a harmonic formalism.
A. Substitutional carbon
The vibrational frequency of substitutional carbon, C s , is 607. 5 28 Si has been predicted to be 598 cm −1 using a 64-atom supercell with the local density approximation in the SIESTA code at Texas Tech. 13, 19 Adapting the dynamical matrix for 30 Si gives 593.6 cm −1 , a shift of −4.6 cm −1 in close agreement with experiment.
Since changing the silicon isotopes produces only a small shift, the random assembly of isotopes in natural silicon may C. The lines through the points for the 589 and 607 cm −1 peaks are fits as described in Sec. III A, allowing for the random isotope distribution. The upper part of the figure shows spectra for 30 Si. The broken line shows the intrinsic lattice absorption in 30 Si as calculated by scaling the frequency axis of an absorption spectrum of the float-zone sample. Points ϫ show the absorption produced by 12 C in that sample after removing the intrinsic absorption. The line through the 604 cm −1 peak is the fit of a single Lorentzian. For clarity, only representative experimental points are shown, and the 30 Si data have been displaced vertically by 6 cm −1 .
broaden and shift the optical transition relative to singleisotope material. It is useful to know the size of these effects. If only one nearest-neighbor Si atom is 30 Si, and the other three are 28 Si, the local vibrational mode ͑LVM͒ will be split in the trigonal symmetry; the SIESTA code predicts shifts of −1.0 cm −1 for the doublet and −1.9 cm −1 cm for the singlet. The splitting is sufficiently small that the doublet and singlet may be represented by a single peak at their weighted mean, which is very close to one quarter of the total shift for complete isotope substitution. We assume that n 30 Si atoms in the nearest neighbor positions produce n times the shift of one atom, and that each 29 Si atom produces half the shift of a 30 Si atom. Since our calculations overestimate the shifts, for a comparison with experiment we scale our shifts by a factor of 3.5/ 4.6. With these simple assumptions and using random populations of Si isotopes on the four nearest-neighbor sites to each C atom, we fit the line shape of the carbon LVM. First, we take the line shape as measured with We have first fitted the LVM of 13 C since its energy is well below the strong two-phonon absorption band between 600 and 630 cm Si is superimposed on the low energy part of the band, Fig. 1 , and in our sample can be reproduced, just like the 13 C line, by a sum of Lorentzians with the same widths of 2.0± 0.1 cm −1 . Moving to 12 C in single-isotope 30 Si places the LVM on the high-energy part of the two-phonon band, Fig. 1 . The width is 2.7± 0.1 cm −1 , some 35± 20% larger than each Lorentzian component in the Si samples, even though there is now no random isotope content. The absorption spectra confirm that the temperature of the sample was ϳ10 K, and the width of the zero-phonon lines observed at this sample show that the increased width is not caused by severe strain in the crystal. One contribution to the linewidth is the broadening produced by the decay of the LVM into two phonons, which depends partly on the density of two-phonon states at the energy of the LVM. The density of two-phonon states has been calculated from the one-phonon density of states given by Pavone et al. 20 We find that the two-phonon density increases by 70% between 589 cm −1 in nat Si and 604 cm −1 in 30 Si. The increasing number of decay channels may be partly responsible for the increased linewidth.
B. Interstitial oxygen
Lattice isotope effects on interstitial oxygen have been reported in detail by Kato et al. 9 All our data agree to within 0.2 cm −1 . We also report the shift of the 518.3 cm −1 line as −16.9 cm −1 from natural silicon to 30 Si. Calculations have been made using density functional theory implemented at King's College London by the VASP package on a 64-atom supercell. 21 The 1136 cm −1 mode is predicted 21 to shift by −7.1 cm −1 , in close agreement with the observed −7.3 cm −1 . We recall that the volume change will give a further small shift of −0.04 cm −1 , Sec. III. By considering 28 Si atoms in the nearest-neighbor positions relative to the O atom, and placing 30 Si atoms in the six nextnearest positions, the VASP calculations give a shift of only −0.04 cm −1 ; that is, the isotope shift occurs primarily from the effect of the nearest neighbor atoms. This is confirmed by noting that in nat Si, the 30 Si- 16 O- 30 Si configuration occurs at the same energy, within experimental uncertainties, as we find in our all- 30 Si crystal. 22 The 518 cm −1 mode, resonant with the lattice vibrations, is predicted to involve almost entirely the motion of the neighboring Si atoms, and so the observed isotope shift of −16.9 cm −1 is very close to that expected for an all-Si mode, −18.2 cm −1 . An A 1g symmetric stretch is predicted, but has not been observed, 22 at 600 cm −1 . We calculate that it will shift by −19.6 cm −1 . If the 1748.8 cm −1 line is a combination of the 1136 and 600 cm −1 vibrations, the combination would have a total shift of −26.7 cm −1 in the harmonic approximation, in close agreement with the measured −27.4 cm −1 , and providing confirmation for that assignment.
C. Interstitial carbon and complexes
Data are gathered in Table I for the measured isotope effects on the interstitial carbon atom, C i , the interstitialcarbon plus self-interstitial, C i -Si i , the "C3" interstitialcarbon plus interstitial-oxygen, C i -O i , and the "C4" interstitial-carbon plus interstitial-oxygen and selfinterstitial,
The interstitial carbon atom C i is generated by radiation damage, when a self-interstitial is captured by a substitutional C atom; C i is stable up to room temperature, and so it may be created by irradiating and storing the sample at T Ͻ 300 K. It produces two absorption lines 23 ; positive identification that they are produced by C i comes from the intensity ratio of the lines, and their disappearance from the spectrum on annealing at room temperature. The frequencies and isotope shifts calculated in Aveiro using a supercell density functional code, AIMPRO, 14 agree well with experiment, although the predicted isotope shifts agree better when transposed ͑Table I͒. The 30 Si data complete the set of isotope data for this center: with 13 C doping, the lines are known 24 to be at 892 and 904 cm −1 , showing that they are predominantly vibrations of C.
A defect assigned 25 to an interstitial-carbon plus a selfinterstitial produces LVM lines at 966.7 and 960.3 cm −1 . There appear to be no other isotope data available for this center, and we have not calculated its properties.
Radiation damage creates the well-known "C3" complex when an interstitial carbon atom is trapped by an interstitial oxygen atom, 26 producing a structure in which the C and O atoms are at opposite corners of an approximately square complex, with the other two corners occupied by Si atoms. 27 Six LVMs are known from experiment, 28 and are listed in Table I. This table extends the isotope shifts reported in Ref. 7, where only the two LVMs that are easily visible in the photoluminescence spectrum were given. Table I lists also the frequencies calculated in Aveiro using AIMPRO. Again, the agreement is excellent. Combined with the data obtained from the same optical center by photoluminescence, 7 the silicon isotope shifts have now been measured for 5 modes of this center, with an average agreement between theory and experiment of better than 4%. For completeness, we note that the effects of changing the oxygen and silicon isotopes are largely known. 25, 28, 29 With increasing radiation doses, the "C3" C i -O i center acts as a nucleation center for capturing self-interstitials, 26 forming first the "C4" C i -O i -Si i complex. This center produces two known LVM lines 28 absorption frequencies by only about 30 cm −1 . The four modes are mostly localized at the O and C impurities, and represent, respectively, the asymmetric stretching of the Si-O-Si unit, a mode analogous to the high-frequency of C i , a mode analogous to the low frequency mode of C i , and a stretch mode at the Si i -C unit along ͓101͔. Additional modes at lower frequencies are also predicted. However, these should be difficult to detect as they involve the motion of strained Si bonds or the symmetric stretch motion of the Si-O-Si unit. We calculate that the predicted 998.4 cm Si shifts are reported and compared to our measurements in Table I . For these modes, the calculations give shifts of −6.8 and −5. 
D. The vacancy-oxygen "A" center
In its neutral charge state, the well-known "A" center, the vacancy-oxygen center, produces optical absorption at 835.7 cm −1 . The measured isotope shift is −5.9 cm −1 , in close agreement with the ab initio prediction of −6.4 cm −1 using AIMPRO at Aveiro. 14 The center is essentially a Si-O-Si complex with a substitutional oxygen atom distorted along a cube axis. The center has C 2v symmetry, and the observed infrared-active mode is the B 1 mode. AIMPRO predicts an A 1 mode to be almost resonant with the band states, at 565 cm −1 , and to have a 30 Si isotope shift of −18.0 cm −1 , very close to the value for an all-silicon mode. We have no data, since the A 1 mode has not been observed by infrared absorption and the "A" center is not photoluminescent, nor could we detect the very weak A 1 +B 1 1370.0 cm −1 combination mode. 30 The AIMPRO calculations show that for the B 1 mode, 99% of the shift from nat Si to 30 Si originates from the two Si neighbors that are bonded to the oxygen atom. The next largest contribution is from the next Si atoms along the ͗110͘ chain ͑labeled "b" in Fig. 9 of Ref. 31͒, but each of these atoms only contributes 0.4% to the total shift. Consequently, an adequate vibrational model for the center is as a nonlinear symmetric Si-O-Si molecule, as used recently to describe Ge isotope effects for the vacancy-oxygen center in Ge. 32 In this model, the vibrational frequency is
where M O and M Si are the masses of the O and neighboring Si atoms, k is a force constant, and 2␣ is the internal angle of the Si-O-Si chain. The oxygen isotope data ͑a shift of −37 cm −1 from 16 O to 18 O͒ may be fitted with ␣ = 80°, Ref. 33 . Equation ͑1͒ then predicts that changing from 28 Si to 30 Si results in a frequency change by a factor of 0.992, compared to the measured 0.993.
IV. ELECTRONIC TRANSITIONS
The mid-infrared absorption of irradiated silicon often shows a strong line at 2767 cm −1 , which is produced by an internal electronic transition at the negative divacancy. 34 However, the line is more than an order of magnitude wider than is usual for a zero-phonon transition, and we will show that it has a negative isotope shift, in contrast to the shifts of all the zero-phonon lines reported to date. 7, 8 A broad line can occur when the transition being detected is not a zerophonon line but is a vibronically induced transition. In this process, the optical transition from the ground state to an excited electronic state is forbidden, but it is made allowed if a phonon is created which can mix the electronic states of the center and make the transition allowed. A silver-related center in silicon is a recently discussed example of this process. 35 Changing the isotope would lower the frequency of the phonon, giving a negative isotope shift to the 2767 cm −1 line. The scientific and technological importance of the divacancy make it worth clarifying the nature of the optical transition. Ab initio theory is of no assistance in predicting the isotope shifts of electronic transitions. We will therefore make use of an empirical method which has been used for zero-phonon lines of near-bandgap energy. The method is outlined in Sec. IV A, where we verify that it can also be applied to low-energy vibronic bands.
A. The 3942 cm −1 carbon-oxygen-vacancy center
The 3942 cm −1 vibronic band is generated in silicon by room temperature irradiation at doses sufficient to generate a second generation defect consisting of an interstitial-carbon atom and a vacancy trapped at an interstitial-oxygen atom. 26 The precise structure is not known. However, the optical properties of the center have been reported in detail, including the response of the zero-phonon line to strains and the temperature dependence of its energy. 36 There are no known local vibrational modes at the center. In Fig. 2 we now report that the nat Si to 30 Si isotope shift of the 3942 cm −1 line is significantly smaller, at +1.5 cm −1 , than any previously measured zero-phonon line in silicon, which have all fallen in the range +7 to + 14 cm −1 , Refs. 7 and 8. The effect of changing the isotopes on a zero-phonon line in silicon have been shown to come mainly from the difference in the vibrational frequencies in the ground and excited electronic states of the center. 7 The same effects are also responsible for most of the change in energy of the zerophonon line with temperature. Usually we expect that the vibrational modes will be softer in the excited state than in the ground state. The energy of the zero-phonon line then tends to higher energy as the effective mass increases, and to lower energy as the temperature increases. This expectation has been satisfied by all the zero-phonon lines whose isotope shifts have so far been measured in silicon. 7, 8 For a quantitative discussion of the isotope effect we need to know the difference in vibrational frequencies in the ground and excited electronic states for all the lattice modes, which span the range 0 to 525 cm −1 . To extract this information from the measured temperature dependence of the zerophonon energy requires data over a sufficient range of temperature that all the modes of vibration are sampled. It is not possible to detect a zero-phonon line in silicon at the high temperatures required-the Raman energy corresponds to 700 K, while zero-phonon lines are usually too broad and too weak to measure above 100 K. However, the indirect energy gap has been measured over the necessary range. 37 For zero-phonon lines over 6000 cm −1 ͑relatively close to the band-gap energy͒ we have established an approximate rule that the temperature dependence of the indirect energy gap may be scaled to the temperature dependence of the zerophonon line, over the range where it can be measured, to provide the information on the changes in vibrational frequency in the excited and ground states. 7 This approach is now tested here on this much lower energy zero-phonon line.
Part of the temperature dependence of the energy of the 3942 cm −1 line comes from the lattice expansion ͑actually a contraction for silicon at low temperatures͒. Removing the contribution from the expansion effect, the difference in vibrational frequencies in the ground and excited electronic states produces a shift of −6 cm −1 from 0 to 100 K, 36 only 11% of the magnitude of the change in the indirect energy gap through the same process ͑Fig. 2 of Hayama et al. 7 ͒. The vibrational term contributes +17 cm −1 to the isotope shift of the energy gap; taking 11% of this produces an expected contribution to the shift of the 3942 cm −1 line of +1.8 cm −1 . Using the deformation potentials for the zerophonon line, 36 the lattice contraction on changing the isotopes contributes a further +1 cm −1 to the shift, giving a total predicted shift of +2.8 cm −1 . While this value is a factor of two greater than the experimental value of +1.5 cm −1 , it is very significantly smaller than is typical in silicon, in agreement with experiment. The simple scaling rule applies to the low energy 3942 cm −1 line.
B. The divacancy
The optical absorption at 2767 cm −1 ͑"0.34 eV" or "3.6 m" line͒, produced by the singly negative charge state of the divacancy, is unexpectedly wide for a zero-phonon transition, at 16 cm −1 compared to the typical value of ϳ1 cm −1 . On isotopic substitution the line moves to lower energy, with a shift of −2.8 cm −1 , Fig. 3 , in contrast to all the previously measured zero-phonon lines with their positive shifts ͑Hayama et al. 7, 8 and Sec. IV A͒. The sign would be consistent with a vibration being created in the transition. For example, an optic mode of 500 cm −1 would have an isotope shift of −16 cm −1 , and the effect on the optical transition would be reduced in magnitude by the typical positive shift, ϳ10 cm −1 , of the electronic transition.
To decide whether the 2767 cm −1 line is an anomalously broad zero-phonon line or a phonon-induced transition, we appeal to the scaling procedure used for the 3942 cm −1 line. The 2767 cm −1 line weakens and broadens considerably as the temperature increases, 34 moving by +2 cm −1 up to 50 K. In this temperature range, the indirect energy gap moves by −15 cm −1 . Applying the scaling procedure leads to an estimated isotope shift for the 2767 cm −1 line produced by the electron-phonon term of −2.4 cm −1 . We have no data for the effect of the volume change on the energy of the line, but in all known cases it is smaller than the electron-phonon term. ͑Samara 38 has measured the pressure dependence of some divacancy and vacancy-phosphorus levels, and the isotopevolume effect using those values would be ϳ ±1 cm −1 ͒. The similarity of the predicted and measured shifts suggests that the isotope effect on the 2767 cm −1 line can be explained in terms of its being an electronic transition, rather than involving a phonon. Since the line has only weak coupling to deformations of the lattice, as shown by its weak phonon sideband, the linewidth is unlikely to be caused by the local environmental strains. A linewidth of 16 cm −1 could occur through the lifetime broadening of 2 ϫ 10 −12 s, which is plausibly longer than a typical vibrational period.
V. SUMMARY
We have reported on the effects of changing the lattice isotope on well-known vibrational absorption lines observed in silicon in the mid-infrared spectral range. We find an excellent agreement between the measured shifts of the vibrational frequencies in the ground electronic states of the centers and those predicted by density functional theory, Sec. III. The agreement, which depends on the correct predictions of the change in effective mass for each mode, strengthens the confidence in present-day ab initio theory.
A simple scaling rule, used to predict the isotope shifts of zero-phonon lines of much higher energy, has been shown to apply to the simple 3942 cm −1 zero-phonon line, Sec. IV A. The rule has been used to explain the unusual isotope shift of the 2767 cm −1 divacancy line, which, together with its large width, could suggest the involvement of a phonon in the transition. In Sec. IV B, the isotope shift has been shown to be consistent with the temperature dependence of the energy of the line, implying that it is indeed a simple zero-phonon transition, Sec. IV B. This does then raise the question of why it is so wide.
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